A 43-year-old female was treated with gamma knife radiosurgery (GKS) for right frontal arteriovenous malformation (AVM) manifesting as absence seizures. Complete nidus obliteration was confirmed on angiography 4 years after GKS. However, she experienced recurrence of her previous seizures and delayed hemorrhage occurred within the treated nidus, despite absence of abnormalities by repeated angiography 81 months after GKS. She was treated conservatively and discharged home without neurological deficits. The risk of hemorrhage from obliterated AVM is significantly reduced but not eliminated after radiosurgery. Recanalization of thrombus that is too small to detect by neuroimaging may result in delayed hemorrhage.
Introduction
Gamma knife radiosurgery (GKS) is a widely accepted modality for the treatment of cerebral arteriovenous malformations (AVMs), particularly if deep-seated or located in eloquent areas of the brain. 1, 4, 5, 7, 9, [11] [12] [13] 16) The primary goal of GKS for treatment of cerebral AVMs is the complete angiographic obliteration of the nidus, as defined by complete absence of detectable draining veins and normalized hemodynamics. 2, 7, 12, 13) The rate of nidus obliteration ranges from 55% to 94% at 2 to 5 years, 1, 3, 4, 7, 9, [11] [12] [13] 15) and the annual risk of hemorrhage during the latency period is 1.5% to 3.7%, 1, 5, 6, [11] [12] [13] which is lower than the rebleeding rate of AVMs not treated with GKS. However, even in the presence of complete angiographic obliteration of the AVM, a small risk of hemorrhage persists. 4, [8] [9] [10] [11] 14, 15) We describe a case of hemorrhage from a cerebral AVM at 81 months after GKS, despite complete angiographic obliteration.
Case Report
A 43-year-old female patient presented to our hospital for evaluation of the abrupt onset of absence seizures on July 20, 1997. The patient was alert and without neurological deficits. Magnetic resonance (MR) imaging revealed a right frontal lobe AVM (Fig. 1) , and angiography demonstrated that the AVM was supplied by branches of the right middle cerebral artery and drained into the basal vein of Rosenthal through the deep sylvian vein (Fig. 2) .
Anticonvulsant medication was subsequently initiated, and GKS was performed on April 1, 1998. The 2 × 3 × 2-cm (5.8 cm 3 ) nidus was covered with a 50% isodose volume, with a central dose of 36 Gy to obtain a marginal dose of 18 Gy (Fig. 3) . The seizure frequency progressively decreased with complete resolution by 26 months after GKS. Followup MR imaging was performed every 6 months, and postradiosurgical MR imaging at 24 months rev- Delayed Hemorrhage From Radiosurgically Obliterated AVM ealed neither enhancement of the nidus nor flowvoid signal abnormalities. However, a capillary high intensity area persisted within the treated nidus on the T 2 -weighted image. Complete obliteration of the AVM was confirmed by angiography at 48 months after radiosurgery (Fig. 4) . Anticonvulsant medication was discontinued in November 2004, because there were no new abnormalities on MR imaging or electroencephalography (Fig. 5A ).
The patient experienced recurrence of her previous seizures and presented to our hospital for evaluation on January 14, 2005. The patient complained of headaches but had no neurological deficits. Computed tomography (CT) showed hemorrhage within the treated nidus (Fig. 6 ), but angiography revealed no vascular abnormalities (Fig. 7) . The patient declined open surgery and elected to be treated conservatively with reinitiation of anticonvulsant medication. MR imaging with contrast medium performed 10 days later showed the known hemorrhage without enhancement (Fig. 5B) . Serial CT showed reabsorption of the hemorrhage, and the patient was discharged home without neurological deficits after 2 weeks. 
Discussion
This case is another example of the risk of hemorrhage despite the angiographic obliteration of the AVM by GKS. 1-7,9-11,13,16) Delayed hemorrhage occurred in six of 250 patients (2.4%) after complete obliteration, 9) and delayed hemorrhage occurred in one of 130 patients (0.7%). 4) Including the present case, nine cases of delayed hemorrhage have been reported after angiographic obliteration of AVM after GKS (Table 1) . 8, 10, 15) The patients with delayed hemorrhage were predominantly female and young (mean 25.1 years), and tended to have smaller AVMs. Repeated angiography revealed no recanalization of the original malformations in six of these nine patients.
The cause of delayed hemorrhage in the absence of angiographic abnormalities remains unclear. Nidus obliteration after radiosurgery results from endothelial degeneration and hyaline transformation, 6, 9, 10, 14, 16) and may leave organized thrombi within the original nidus. A time-related decrease in contrast medium enhancement on CT or MR imaging following angiographic nidus obliteration suggested that reconstructive and destructive processes continued within the radiosurgically occluded nidus. 16 ) Therefore, radiosurgery-induced changes (e.g., obliteration of the remaining or recanalizing vessels) in the nidus possibly continued after the nidus was angiographically obliterated. Histological examinations of resected tissue from the obliterated nidus after LINAC radiosurgery found recanalization of the thrombus. 14) In contrast, Delayed Hemorrhage From Radiosurgically Obliterated AVM histological examinations of resected AVMs presenting with delayed hemorrhage showed the presence of small endothelial cell-lined channels containing erythrocytes within the area of hyalinization. 10) Further, some of the AVM vessels were still partially patent, despite apparent obliteration by angiography. In the present case, follow-up MR imaging showed a capillary high intensity area on a T 2 -weighted image within the treated nidus, which probably corresponded to organized thrombus. Recanalization of a thrombus that is too small to detect via neuroimaging may result in delayed hemorrhage, because the hemorrhage occurred within the treated nidus, and no new enhancement was present on serial MR images. Accurate methods of predicting which patients will experience delayed hemorrhage would be of great benefit. Continuous abnormalities on CT or MR imaging with contrast medium was the only significant factor positively associated with the delayed hemorrhage from completely obliterated nidus after GKS. 10) In contrast, continuous clinical symptoms might indicate persistence of the AVM and a higher risk of rebleeding. 2) In the present case, a capillary high intensity area persisted on a T 2 -weighted image despite the absence of seizure activity. These findings suggest that the persistence of MR imaging abnormalities may indicate increased risk of delayed hemorrhage despite complete angiographic obliteration of AVM and absence of clinical symptoms.
Complete angiographic occlusion of an AVM does not guarantee freedom from the risk of delayed hemorrhage, 4) and so reinvestigation of young patients with proven total obliteration after radiosurgery is recommended, because of the possibility of reappearance of the AVM. 8) AVM recanalization may occur without obvious neuroimaging correlates and may increase the risk of delayed hemorrhage even after complete angiographic obliteration of the AVM. There is no standard treatment strategy for such delayed hemorrhage. Repeat radiosurgery may be considered if a recurrent nidus is confirmed angiographically, and surgical resection can be used if a recurrent nidus without angiographic confirmation is suspected. 
